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Despite many shipwrecks containing oil there is a paucity of studies investigating their
impact on surrounding environments. This study evaluates any potential effect the
World War II shipwreck HMS Royal Oak is having on surrounding benthic sediments in
Scapa Flow, Scotland. HMS (Her Majesty’s Ship) Royal Oak sank in 1939, subsequently
leaked oil in the 1960s and 1990s, and is estimated to still hold 697 tonnes of fuel
oil. In this study, sediments were analysed, over a 17.5 cm depth profile, along a 50–
950 m cruciform transect away from the shipwreck. Analysis of polycyclic aromatic
hydrocarbons (PAHs) revealed low concentrations (205.91 ± 50.15 µg kg−1 of dry
sediment), which did not significantly differ with either distance from the shipwreck
or sediment depth. PAH concentrations were well below the effects-range low (ERL)
for the OSPAR (Oslo/Paris convention for the Protection of the Marine Environment
of the North-East Atlantic) maritime area. The average Pyrogenic Index, in sediments
around HMS Royal Oak, was 1.06 (±0.34), indicating PAHs were pyrogenic rather
than petrogenic. Moreover, analysis of sediment microbiomes revealed no significant
differences in bacterial community structure with distance from the shipwreck, with
extremely low levels of obligate hydrocarbonoclastic bacteria (OHCB; 0.21% ± 0.54%).
Both lines of evidence suggest that sampled sediments are not currently being impacted
by petrogenic hydrocarbons and show no long-term impact by previous oil-spills from
HMS Royal Oak.
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INTRODUCTION
In the last two decades, the focus on evaluating the environmental impact from shipwrecks has
significantly increased (Landquist et al., 2013), especially those from the two World Wars, which
constitute >8,600 shipwrecks in the world’s seas (Monfils et al., 2006). There is particular concern
regarding oil pollution from shipwrecks (Michel et al., 2005; Faksness et al., 2015; Amir-Heidari
et al., 2019) because they contain an estimated 2.5–20.4 million tonnes of crude oil and petroleum
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products (Landquist et al., 2017a). Crude oil and its petroleum
derivatives can have toxic effects, especially oils with higher
proportions of volatile organic compounds (VOCs) and
polycyclic aromatic hydrocarbons (PAHs) (IARC, 1987;
National Toxicology Program, 2011; Manzetti, 2013). Oil-
spill hydrocarbon analysis tends to focus on PAHs due to
their persistence, carcinogenic, and mutagenic properties
(Lehr and Jerina, 1977).
On the 14th October 1939, 6 weeks after the start of World
War II, the British battleship HMS (Her Majesty’s Ship) Royal
Oak was torpedoed by a German submarine and sank to the
bottom of Scapa Flow (Orkney Islands, Scotland; Figure 1). As
many lives were lost, HMS Royal Oak is protected under the
Protection of Military Remains Act 1986. The 189 m long and
26,444 tonne battleship lies upside down, approximately 30 m
below the surface of the water at its deepest point and 4.9 m at its
shallowest point. HMS Royal Oak sank with approximately 3,000
tonnes of fuel oil on board. It is likely that a large fraction of oil
was spilled during the incident, however a significant proportion
of oil remained on board. Leaking oil was first observed in the
1960s, and then again during the late 1990s (Hill, 2019). Efforts
to remove the fuel oil from the vessel’s tanks began in 2006, and
by 2010, 1,600 tonnes had been removed (Marine, 2010), though
up to 697 tonnes of oil is thought to remain (Hill, 2019). Whilst
any visible oil leakage from HMS Royal Oak in Scapa Flow has
subsided, it is unknown whether there is a legacy of hydrocarbon
contamination in the sediments.
Certain microbes use a range of hydrocarbons, found in
crude oil and its derivatives, as a source of carbon and
energy. These include the obligate hydrocarbonoclastic bacteria
(OHCB), which use hydrocarbons as an almost exclusive source
of carbon and energy (Yakimov et al., 2007). Hydrocarbon-
degrading bacteria are particularly important responders to oil-
pollution as they remove a significant proportion of oil and act
as bioindicators of hydrocarbon-pollution (Head et al., 2006;
Lozada et al., 2014). Oil pollution will often significantly alter
marine microbial community composition, whereby a species
richness and diversity decreases as selection for oil-degrading
bacteria occurs (McGenity et al., 2012; Thomas et al., 2020). After
an oil spill, there is often an initial increase in the abundance of
alkane-degrading microbes (e.g., Alcanivorax/Oleispira) followed
by growth of PAH-degraders (e.g., Cycloclasticus) (Head et al.,
2006; Ribicic et al., 2018). The latter of which, Cycloclasticus
(Dyksterhouse et al., 1995; Gutierrez et al., 2013) would be
expected to be in high abundance where there are increased
levels of petrogenic PAHs. Hamdan et al. (2018) found that
World War II and 19th century shipwrecks in the Gulf of
Mexico influenced microbial diversity in surface sediments 2 m
from the shipwrecks. Sediments around two of the shipwrecks
evaluated by Hamdan et al. (2018) had no significant effect
on microbial diversity and composition. It was suggested that
either the greater depths of these shipwrecks, or the fact they
were both impacted by the Macondo oil spill, obscured any
potential impacts of the shipwrecks on microbial community
composition. Scapa Flow is a large embayment approximately
24 by 13 km, surrounded by the Orkney Islands, situated north
east of Scotland, United Kingdom (Figure 1) and was the main
British fleet base during both World Wars. Much of the marine
microbial research conducted in Scapa Flow has focused on
microbial mats in sheltered beaches and photosynthetic bacteria
(Herbert, 1985; van Gemerden et al., 1989; Wieland et al., 2003).
Despite the large number of wrecks (>150; Muir, 2020) and oil
pollution events within Scapa Flow, there is a paucity of data
on sediment microbial communities of this region. Indeed, there
are few studies investigating how shipwrecks impact indigenous
microbial communities or evaluating their actual or potential oil
pollution. Most of the current literature researching shipwrecks
focuses on archaeological wood (Liu et al., 2018), artefacts
(Li et al., 2018), shipwrecks as artificial reefs (Church et al.,
2009; Mugge et al., 2019), and microbially induced corrosion
(Russell et al., 2004). Analysis of microbial communities in
oil-contaminated environments can provide valuable insight
into ecosystem function and resilience. Moreover, harnessing
such data allows for the refinement of post-incident modelling
(Kirby et al., 2018).
A modelling approach (Landquist et al., 2013, 2014, 2017a,b)
allows the potential for oil leaks from shipwrecks to be
predicted. However, in situ sampling of the environment around
a shipwreck is ultimately needed to quantify and evaluate whether
such shipwrecks pose a threat to the surrounding environment.
Furthermore, analyses of in situ microbial communities can
provide data that are valuable in the design of post-incident
monitoring guidelines (Kirby et al., 2018). This study evaluates
historic impact of oil contamination from the shipwreck HMS
Royal Oak on the surrounding benthic microbial communities.
The objective of this study was to determine whether fuel
oil from HMS Royal Oak displays elevated concentrations
in surrounding benthic sediments, by determining both the
concentration and source of sediment PAHs over a 950 m
radius of the shipwreck (where those sediments sampled further
away act as controls). Furthermore, 16S rRNA gene qPCR
and amplicon libraries were used to determine any effects of
the shipwreck on sediment bacterial community composition,
and to quantify any hydrocarbon-degrading or sentinel bacteria
associated with oil pollution.
MATERIALS AND METHODS
Sampling Campaign
Sediment cores were sampled using an OSIL (Ocean Scientific
International Ltd.) extended box corer from 30 sites located on
a cruciform transect (four transects: North East, South East,
South West, and North West) centred around HMS Royal Oak
shipwreck, employed to capture the dispersion trajectory of any
sediment contaminants. Samples were taken 50, 100, 150, 200,
450, and 950 m from the shipwreck along the transects (Scapa
Flow, Scotland, United Kingdom; 58◦55′50′′N, 02◦58′58′′W′′),
between the 3rd and 6th November 2019 (Figure 1). No
other shipwrecks or scuttling were observed, or are known
to be located, within the sampled transect area. HMS Royal
Oak is protected under the Protection of Military Remains
Act 1986; therefore a 50 m safety boundary was placed
around the shipwreck. Transects were to 950 m, allowing for
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FIGURE 1 | 950 m cruciform transect (where those sediments sampled further away act as controls) centred on HMS Royal Oak shipwreck (approximation, centre,
red), labels refer to sample codes as detailed in Supplementary Table 1. A safety boundary (grey oval) around HMS Royal Oak meant sediment sampling
commenced 50 m from the shipwreck.
sufficient sampling coverage and comparison between those
closer to the shipwreck and control sediments further away
(i.e., 450–950 m). At each of the 30 sites, samples were
taken from 2.5, 7.5, 12.5, and 17.5 cm sediment depth. See
Supplementary Table 1 for full sample details. The box corer and
all subsampling equipment were pentane-rinsed between sites
to prevent cross-station contamination. A CTD (Conductivity,
Temperature, and Depth) sensor was deployed at each sampling
site; no significant temporal or spatial differences were recorded
regarding temperature (10.35◦C) or salinity (35.27 PSU).
Sediments within the survey area comprised poorly sorted fine
muddy sands. Scapa Flow experiences limited tidal and/or wind-
generated water flows. Sediment Profile Imagery (SPI) provided
accompanying evidence of this (Supplementary Figure 4) and
revealed that oxidised sediments were limited to the surficial
region (0 to ∼2.5 to 5 cm), with clear anoxia below. There were
no signs of oil contamination during the survey, either visible on
the sea surface or in the sediment samples collected.
Polycyclic Aromatic Hydrocarbon
Analysis
Homogenised sediment samples were extracted using alkaline
saponification prior to filtering and subsequent liquid-liquid
extraction into pentane (Kelly et al., 2000). Samples were
passed through an alumina chromatography column to
remove residual polar compounds and concentrated to 1 ml.
Quantification for PAHs was performed using surrogate
standards and five calibrations levels (range 25–500 ng ml−1).
Surrogate and recovery standards were formed of deuterated
PAHs [naphthalened8, acenaphthylened8, anthracened10,
dibenzothiophened8, pyrened10, benzo(a)anthracened12,
benzo(a)pyrened12, and dibenz(a,h)anthracened14], and were
added to each sample prior to quantification on an Agilent 6890
Gas Chromatography system coupled with an Agilent 5975
Mass Spectrometer with Triple-Axis detector, operating at 70 eV
in positive-ion mode, using conditions previously described
by Kelly et al. (2000). For quality control, a calibration check
[(CRM) HS-6] and a blank were analysed with each sample
batch (∼four samples), the limit of detection was 0.1 µg kg−1
dry weight sediment for each PAH compound/class, and the
extraction efficiency was measured at 99%.
A suite of alkylated and parent PAHs, including
compounds with both petrogenic and combustion sources,
were then determined. This suite comprised naphthalene
and the C1-C3 methylnaphthalenes, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, C1-
C2 methylphenanthrenes/anthracenes, dibenzothiophene
and C1-C3 methyldibenzothiophenes, fluoranthene,
pyrene, C1 methylpyrenes, benz[a]anthracene, chrysene,
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C1 methylchrysene, 1,2-benzodiphenylene sulphide,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene,
benzo[a]pyrene, perylene, indeno[1,2,3-cd]pyrene,
benzo[ghi]perylene and dibenz[a,h]anthracene. The % oil,
within a sample, is calculated by the proportion of low
molecular weight (2− and 3-ring) and alkylated (C1-C3
methylnaphthalenes, C1-C2 methylphenanthrenes/anthracenes,
C1-C3 methyldibenzothiophenes, C1 methylpyrenes, and C1
methylchrysene) PAHs. The % combustion is the remaining
proportion of PAHs within the sample.
qPCR Analysis of Bacterial 16S rRNA
Genes
DNA was extracted from 0.25 g of thawed sediment samples
with a DNeasy PowerSoil Kit (Qiagen), according to the
manufacturer’s instructions. The primers used for quantification
of bacterial 16S rRNA were 341f – CCTACGGGNGGCWGCAG
and 785r – GACTACHVGGGTATCTAATCC (Klindworth et al.,
2013). qPCR reactions were performed using a CFX384TM Real-
Time PCR Detection System (BioRad) using reagents, cycle
conditions, and standards as previously described (McKew and
Smith, 2015; Tatti et al., 2016). Inspection of standard curves




Amplicon libraries were prepared, as per Illumina instructions by
a 25-cycle PCR. PCR primers were the same as those used for
qPCR but flanked with Illumina overhang sequences. A unique
combination of Nextera XT v2 Indices (Illumina) were added
to PCR products from each sample, via an 8-cycle PCR. PCR
products were quantified using Quant-iT PicoGreen dsDNA
Assay Kit (TheromFisher Scientific) and pooled in equimolar
concentrations. Quantification of the amplicon libraries was
determined via NEBNext R© Library Quant Kit for Illumina (New
England BioLabs Inc.), prior to sequencing on the Illumina
MiSeq R© platform, using a MiSeq R© 600 cycle v3 reagent kit and
20% PhiX sequencing control standard. Raw sequence data have
been submitted to the European Nucleotide Archive database
under accession number PRJEB37440. Sequence output from
the Illumina MiSeq platform were analysed within BioLinux
(Field et al., 2006), using a bioinformatics pipeline as described
by Dumbrell et al. (2016). Forward sequence reads were
quality trimmed using Sickle (Joshi and Fass, 2011) prior to
error correction within SPAdes (Nurk et al., 2013) using the
BayesHammer algorithm (Nikolenko et al., 2013). The quality
filter and error corrected sequence reads were dereplicated,
sorted by abundance, and clustered into OTUs (Operational
Taxonomic Units) at the 97% level via VSEARCH (Rognes et al.,
2016). Singleton OTUs were discarded, as well as chimeras using
reference based chimera checking with UCHIME (Edgar et al.,
2011). Taxonomic assignment was conducted with RDP Classifier
(Wang et al., 2007). Non-locus-specific, or artefactual, OTUs
were discarded prior to statistical analyses, along with any OTUs
that had <70% identity with any sequence in the RDP database.
Statistical Analysis
The average sequence reads per sediment sample was 65,239
(range from 25,232 to 146,401); prior to community analysis,
sequence data were rarefied to the lowest library sequence
value. Data were first tested for normality (Shapiro-Wilk’s test),
those data which were normally distributed were tested for
significance with ANOVAs or appropriate linear models. Non-
normally distributed data were analysed using appropriate GLMs
(Generalised Linear Models) as follows. The relative abundance
of OTUs or genera in relation depth, distance, or transect were
modelled using multivariate negative binomial GLMs (Wang
et al., 2010). Here, the number of sequences in each library
was accounted for using an offset term, as described previously
(Alzarhani et al., 2019). The abundance of bacterial 16S rRNA
gene copies was modelled using negative binomial GLMs. The
concentration of PAHs, and the difference between means and
threshold values, was also modelled using negative binomial
GLMs (Venables and Ripley, 2002). The significance of model
terms was assessed via likelihood ratio tests. Correlations were
performed using Spearman rank correlation with an alpha of
0.05. The Ecological Index of Hydrocarbon Exposure (EIHE;
Lozada et al., 2014) was calculated using the script available
at the ecolFudge GitHub page1 (Clark, 2019) and EIHE values
modelled using poisson GLMs. The EIHE aims to establish
hydrocarbon exposure in an environmental sample by calculating
the proportion of 16S rRNA sequences within a bacterial
community assigned to bacterial genera with hydrocarbon-
biodegradation potential; the genera are detailed in the paper
by Lozada et al. (2014). It should be noted that samples from
the compared studies (Figure 5D) come from aerobic surface
sediments and thus only surface sediments from this study were
used in the comparison.
All statistical analyses were carried out in R3.6.1
(R Development Core Team, 2011) using a variety of packages
available through the references (Venables and Ripley, 2002;
Hope, 2013; Wilke, 2015, 2020; Becker et al., 2016; Auguie, 2017;
Oksanen et al., 2019; Hvitfeldt, 2020; Kassambara, 2020; Lenth,
2020; Pedersen, 2020). All plots were constructed using the
“ggplot2” (Bodenhofer et al., 2011) and “patchwork” (Pedersen,
2019) R packages.
RESULTS AND DISCUSSION
Sediment PAHs Originate From
Pyrogenic Sources
The concentration of PAHs (containing 2− to 6-ring parent
PAHs and alkylated derivatives (C1-C3)-naphthalenes, (C1-C2)-
phenanthrenes, (C1-C3)-dibenzothiophenes, and (C1)-pyrenes)
in all sediment samples, around HMS Royal Oak shipwreck,
ranged from 121 to 348 µg kg−1 of dry sediment (Figure 2).
There were no significant differences (p > 0.05) in PAH
concentrations between core depths (2.5, 7.5, 12.5, and 17.5 cm)
or over distance (50–950 m) from the shipwreck. When data
from transects were pooled there was no correlation between
1https://github.com/Dave-Clark/ecolFudge
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FIGURE 2 | Total PAH concentrations (mean ± SE, n = 2) within sediments, including all depths, over 950 m transects (where those sediments sampled further
away act as controls) in four different directions from HMS Royal Oak shipwreck; located in Scapa Flow, Scotland, United Kingdom, November 2019.
PAH concentration and distance from the wreck (R2 = 0.00019
p > 0.05) nor with sediment depth (R2 = 0.036 p > 0.05) (see
Supplementary Figure 1). In comparing PAH concentrations,
sediments near a World War II cargo ship, Nordvard (30 m
depth near the Norwegian harbour of Moss), contained PAH
concentrations ranging from 3,000 to 25,000 µg kg−1 of dry
sediment (Ndungu et al., 2017). PAH concentrations in sediments
around HMS Royal Oak were well within typical levels of
PAHs found in United Kingdom coastal sediments. For example,
muddy sediments around Scotland (Woodhead et al., 1999),
contained PAHs from 75 to 1,212 µg kg−1 of dry sediment.
Additionally, the observed PAH concentrations within sediments
around HMS Royal Oak were well below the effects-range
low (ERL) and within background concentration (BC) levels
(3,340 and 212 µg kg−1 of dry sediment for ERL and BC,
respectively) for sediments in the OSPAR (Oslo/Paris convention
for the Protection of the Marine Environment of the North-East
Atlantic) maritime area (OSPAR Commission, 2009). Therefore,
the observed PAH concentrations of sediments around HMS
Royal Oak would seldom cause negative effects in marine
organisms (OSPAR Commission, 2017).
As well as evaluating the concentration of environmental
PAHs it is also important to determine their origin. Despite PAH
concentrations being below the ERL and within BC for the area,
evaluating the source of PAHs is especially important considering
the negative relationship between PAH concentration and
distance from the shipwreck in the South East direction. PAHs
generally enter the environment through three major routes:
pyrogenic, petrogenic, or biogenic (Soclo et al., 2000). Pyrogenic
PAHs come from the combustion of organic substances at high
temperature and low oxygen concentrations, such as industrial
thermal cracking and the incomplete combustion of petroleum in
motor engines, or from forest fires. Petrogenic PAHs are formed
over millions of years at relatively lower temperatures during
crude oil maturation and enter the sea from natural seeps or
spills and leaks from oil extraction, transportation or storage,
or shipwrecks. Finally, biogenic PAHs originate from specific
algae and bacteria, or from the degradation of vegetative material
(Abdel-Shafy and Mansour, 2016). The evaluation of PAH ratios
can provide an accurate identification of the PAH source (Zakaria
et al., 2002; Wang and Fingas, 2003; Hussain et al., 2016).
Biogenic PAHs are identified by a number of hydrocarbon
bioindicators, including a unique n-alkane distribution with
an increased abundance of odd carbon-number alkanes over
even carbon-number alkanes (Peters et al., 2004; Wang et al.,
2009) as well as an increased abundance of PAH perylene
(Venkatesan, 1988). Petrogenic PAHs are distinct from pyrogenic
PAHs in their chemical composition, with a dominance of C1 to
C4 alkylated naphthalenes, phenanthrenes, dibenzothiophenes,
fluorenes, and chrysenes (Wang and Fingas, 2005). Furthermore,
the abundance of LMW (low molecular weight) 2− to 3-ring
PAHs is generally much higher than HMW (high molecular
weight) 4− to 6-ring PAHs in petrogenic PAHs. Such analysis
can determine whether sediment PAHs originated naturally or
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from anthropogenic inputs (i.e., fuel oil from shipwrecks) and is
important as petrogenic PAHs have increased bioavailability to
organisms, especially in filter feeders (Baumard et al., 1998).
Generally, a proportion of LMW (2− and 3-
ring) and alkylated (C1–C3 methylnaphthalenes,
C1–C2 methylphenanthrenes/anthracenes, C1–C3
methyldibenzothiophenes, C1 methylpyrenes, and C1
methylchrysene) PAHs to total PAHs above 70% would
indicate that the PAHs are petrogenic (Law et al., 1999). Our
data imply that sediment PAHs around HMS Royal Oak were
pyrogenic, as the proportion of LMW and alkylated PAHs to
total PAHs was significantly below the 70% threshold (coef.
4.02, z 285.5, p < 0.001); with an overall average of 55% (± 5%)
(Figure 3 and see Supplementary Table 1). Additionally, the
proportion of perylene to total 5-ringed aromatics averaged 4%
(±0.6%; Figure 3 and Supplementary Tables 1, 3); significantly
below the 10% threshold (coef. 1.40, z 26.89, p < 0.001) that is
indicative of pyrogenic PAHs (Pereira et al., 1999; Lima et al.,
2003; Wang et al., 2009). An increased abundance (i.e., >10%)
of perylene compared to other 5-ringed aromatics is indicative
of biogenic PAHs; as perylene is produced by early diagenesis
mechanisms on organic matter within sediments (Peters et al.,
2004; Wang et al., 2014). Only one sample (RO27, 12.5 cm depth)
met the 70% threshold (% LMW/alkylated PAHS of total PAHs)
for petrogenic PAHs but had a perylene to 5-ringed aromatics
ratio of only 4.76%. There are many other PAH ratios that
can distinguish pyrogenic from petrogenic PAHs. Widely used
ratios include anthracene/(anthracene + phenanthrene)
(Baumard et al., 1998; Qiao et al., 2006),
benzo[a]anthracene/[benzo(a)anthracene + chrysene]
(Yunker et al., 2002; Akyüz and Çabuk, 2010),
fluoranthene/(fluoranthene + pyrene) (Guinan et al.,
2001; De La Torre-Roche et al., 2009), and indeno[1,2,3-
cd]pyrene/[indeno(1,2,3-cd)pyrene + benzo(ghi)perylene]
(Yunker et al., 2002). All four ratios were calculated for PAH
data from sediments sampled around HMS Royal Oak; all PAH
ratio confirmed that sediment PAHs were pyrogenic, with no
significant difference with transect distance, direction, or over
sediment depth (see Supplementary Table 2).
The accuracy of PAH fingerprinting techniques, such as the
above, can be questioned when natural weathering processes
and biodegradation may alter PAH distribution patterns. To this
regard, Wang et al. (1999) created the “Pyrogenic Index” (PI),
which is: 6(3− to 6-ring EPA priority PAHs) / 6(5 alkylated PAH
series); the exact PAHs are available in the original literature. It is
suggested this ratio provides better accuracy and less uncertainty
than ratios that use individual or LMW PAHs, as the PI is
subject to diminutive fluctuation due to changes in individual
PAH concentrations. Long-term natural weathering processes
and biodegradation have little impact on the ratio, whereas
the ratio is significantly altered by combustion. Lighter refined
products and most crude oils (i.e., petrogenic) demonstrate a PI
of 0.01 while heavy oils and heavy fuel oils range from 0.01 to
0.05. The PI significantly increases for pyrogenic material, for
example diesel soot samples were found to be within a range
of 0.80–2.0 (Wang et al., 1999). The average PI, in sediments
FIGURE 3 | Proportion of perylene to 5-ringed aromatics (A), of LMW/alkylated PAHs to total PAHs (B), and the Pyrogenic Index [PI: 6(3− to 6-ring EPA priority
PAHs) / 6(5 alkylated PAH series)] over a 950 m cruciform transect (“Distance”; where those sediments sampled further away act as controls), from HMS Royal Oak,
Scapa Flow, November 2019. Red lines (A,B) represent the threshold at which PAHs are considered petrogenic. Blue lines (C) represent the points below which
PAHs are considered petrogenic (0.01 = lighter refined products and most crude oils and 0.01–0.05 heavy oil and heavy fuel oils).
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around HMS Royal Oak, was 1.06 (±0.34; Figure 3), significantly
greater than the thresholds for petrogenic PAHs (coef. 1.04, z
30.67, p < 0.001). Therefore, considering the results of all three
calculations, and the fact none of these results were significantly
different over distance from the shipwreck, it can be assumed
PAHs detected within sampled sediments around HMS Royal
Oak were pyrogenic and not from oil that has historically leaked
from the shipwreck.
Upon analysis of individual transect directions, a moderate
negative correlation between PAH concentration and distance
from the shipwreck was observed in the South East transect
(R2 = −0.54 p < 0.01) whilst a moderate positive correlation
between PAH concentration and distance from the shipwreck was
observed in the North West transect (R2 = 0.46 p < 0.05). There
was no signification relationship between PAH concentration
and distance from the shipwreck in either the South West or
North East transects. The moderate correlations between PAH
concentrations and the South East and North West transect
directions were not attributed to the shipwreck as the PAHs
were determined to be of pyrogenic origin. Therefore, these
correlations are likely to be natural variations in deposition
of pyrogenic PAHS driven by water movement. The water is
very shallow throughout Scapa Flow and around HMS Royal
Oak (18–30 m), and therefore it is likely water movement is
wind-driven, with current speeds often being <0.25 m s−1
(Ramsay and Brampton, 2000).
Bacterial 16S rRNA Gene Analysis
Reveals Low Levels of
Hydrocarbon-Degrading Bacteria
Whilst there was no evidence of petrogenic PAHs by GC-MS
analysis, evaluating bacterial community composition provides
the ability to highlight any localised effects of previous oil-
contamination, and reveal any lasting effects caused by previous
oil-contamination. Exposure to hydrocarbons can lead to
adaptation within indigenous sediment bacterial communities
and increases in hydrocarbon oxidising potential, priming
the communities for any current or future oil-contamination
(Leahy and Colwell, 1990). For example, increased abundance
of known hydrocarbon-degrading bacteria (i.e., Alcanivorax and
Cycloclasticus) has been observed in oil-contaminated coastal
sediments, many months after hydrocarbons were undetectable
(Thomas et al., 2020). Therefore, significantly higher abundance,
and a broad diversity, of hydrocarbon-degrading bacteria in
sediments close to the shipwreck compared to background levels
(i.e., sediments sampled further away from the shipwreck), would
indicate that any oil-contamination could be rapidly degraded.
Typically in environments impacted by oil, a large increase
in the absolute abundance of Bacteria would be expected due to
a selection for hydrocarbon-degrading bacteria, and secondary
consumers (Head et al., 2006). For example, bacterial 16S rRNA
gene abundance was ∼10-fold higher in coastal oiled sediments
impacted by the Deep-Water Horizon oil-well-head blowout
from Pensacola Beach, Florida, compared to clean sand samples
(Kostka et al., 2011). In sediments across the 950 m transects,
around HMS Royal Oak, the mean bacterial 16S rRNA gene
abundance was 1.31× 108 ± 7.04× 107 copies/g of dry sediment.
There were no significant differences (p > 0.05) observed over the
950 m distance from the shipwreck, nor by any transect direction
(Supplementary Figures 2A,B), providing additional evidence
that sediments localised around the ship, were not currently being
contaminated with oil.
There was, however, a significant increase in 16S rRNA
gene abundance (1.57-fold; coef. 0.26, t 2.60, p < 0.05) at
2.5 cm depth compared to the deeper sediments at 7.5, 12.5,
and 17.5 cm (Supplementary Figure 2A). Differences in 16S
rRNA gene bacterial sequence diversity (assigned to OTUs at
a 97% similarity threshold) were driven primarily by sediment
depth (R2 = 0.15, p < 0.001, n = 4; Figure 4). As sediments
transitioned from aerobic to anaerobic beyond 2.5 cm depth, the
bacterial community differences between 2.5 cm and the deeper
sediments (7.5–17.5 cm) were primarily driven by significant
increases in the relative abundance of anaerobic sulphate-
reducing bacteria (e.g., Desulfatiglans spp., coef. 1.87, t 7.17,
p < 0.001) and significant decreases in the relative abundance of
aerobic ammonia-oxidising bacteria (e.g., Nitrosospira spp., coef.
−1.72, t −12.18, p < 0.001). Proximity to the shipwreck had no
significant effect on bacterial community composition (p > 0.05,
n = 4; Supplementary Figure 3), suggesting no evidence of oil-
related community changes and adaption within the sediments.
The Ecological Index of Hydrocarbon Exposure (EIHE) is
an index from 0–1, whereby 1 represents 100% of 16S rRNA
gene sequences assigned to bacterial genera with hydrocarbon-
biodegradation potential (Lozada et al., 2014). The EIHE, within
sediments around HMS Royal Oak, was on average 0.008
(± 0.022) over all sediment depths and distances from the
shipwreck (Figures 5A–C). There were no significant differences
(p > 0.05) in the EIHE between sediment depth, distance from
FIGURE 4 | NMDS (non-metric multidimensional scaling) ordination
(stress = 0.10), based on clustered bacterial 16S rRNA OTUs at a 97%
similarity threshold, displaying the effect of depth (cm) on bacterial community
composition (R2 = 0.15, p < 0.001, n = 4).
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the shipwreck, or direction of the transect (Figures 5A–C). The
low index (0.012 ± 0.018) at the surface (2.5 cm) would suggest
that the greater abundance of the bacterial 16S rRNA gene was
not driven by the presence of hydrocarbon-degrading bacteria.
The genera Bacillus, Mycobacterium, Shewanella, Sulfitobacter,
and Vibrio made up a large proportion of sequences assigned
to the EIHE (87%), in sediments around HMS Royal Oak
(see Supplementary Table 4), all of which are genera that
primarily contain species that do not degrade hydrocarbons.
Compared to other studies of oil-polluted environments, an
EIHE of 0.012 (± 0.018) in surface sediments is exceptionally
low (see Figure 5D and Supplementary Table 3). Comparatively,
a study within the Gulf of Mexico revealed that sediments
around the shipwreck of the oil-tanker “Halo” (sunk May
1942) contained PAH concentrations ranging approximately
0–1,400 µg kg−1 of dry sediment respectively, resulting in
an EIHE of 0.025 (see Figure 5 and Supplementary Table 3;
Hamdan et al., 2018), twofold higher than the EIHE observed
in surface sediments around HMS Royal Oak. Additionally,
contaminated sediments sampled 5 days after the Agia Zoni
II oil-spill, which contained average PAH concentrations of
210,000 µg kg−1 of dry sediment, resulted in an EIHE of 0.52,
42-fold higher than the EIHE observed in surface sediments of
the present study (see Figure 5D and Supplementary Table 3;
Thomas et al., 2020).
Only a minority (5 out of 63) of the genera within the EIHE
are assigned to the OHCB, a group of widely distributed marine
bacteria that use hydrocarbons as an almost exclusive source of
carbon and energy (Yakimov et al., 2007). Analysis of OHCB
genera revealed only a sporadic and very low abundance of
FIGURE 5 | Ecological Index of Hydrocarbon Exposure (EIHE) (ratio up to 1) representing relative abundance of oil-degrading/associated Bacteria, (Lozada et al.,
2014) measurements (±SE, n = 4), for sediments sampled around the shipwreck HMS Royal Oak (located in Scapa Flow, Scotland, United Kingdom, November
2019), over a 17.5 cm depth profile (A), a 950 m transect (where sediments further away act as controls) (B), and given the transect direction (C). Additionally, a
comparison between the HMS Royal Oak EIHE and other studies investigating oil-polluted environments (D): “HMS Royal Oak” (present study, surface sediments),
“Halo” (Hamdan et al., 2018), “Patagonian Coast” (Lozada et al., 2014), “Brazilian Mangrove” (Dos Santos et al., 2011), “Colne Estuary” (Coulon et al., 2012),
“Ushuaia Bay (no nutrients)”, “Pensacola Beach” (Kostka et al., 2011), “Agia Zoni II” (Thomas et al., 2020) and “Ushuaia Bay (added nutrients)” (Guibert et al., 2012).
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Alcanivorax, Oleispira, Oleibacter, and Thalassolituus sequences,
accounting for only 0.002% relative abundance of the bacterial
community (see Supplementary Table 4). OHCB are typically
present in low numbers in uncontaminated environments
but rapidly increase in abundance following oil spills (Head
et al., 2006). The OHCB are aerobic and so would not be
expected to grow in the anaerobic sediments (7.5–17.5 cm;
see Supplementary Figure 4). Whilst many OHCB can use
alternative electron acceptors, they cannot degrade oil under
anoxic conditions, as activation of hydrocarbons by their
oxygenase enzymes requires molecular oxygen (van Beilen
et al., 2003). The EIHE does however also include genera
that contain known anaerobic hydrocarbon degraders (Lozada
et al., 2014), including for example the genera Desulfococcus,
Desulfatibacillum, Desulfatiferula, and Desulfobacterium, which
were detected only in very low abundance in sampled
sediments (Supplementary Table 4). Desulfococcus oleovorans
strain Hxd3 was the first described organism capable of anaerobic
hydrocarbon-degradation (Aeckersberg et al., 1991) and others
have since been described, including alkane-degraders (e.g.,
Desulfatibacillum alkanivorans strain AK-01; So and Young,
1999). However, there are numerous strains of anaerobic
hydrocarbon degraders that are yet to be assigned to any known
genus (e.g., see Rabus et al., 2016), such as the PAH-degrading
sulphate-reducing Deltaproteobacteria strain NaphS2 (Galushko
et al., 1999). Furthermore, certain anaerobic hydrocarbon-
degrading bacteria are missing from the EIHE reference list [e.g.,
Desulfatiglans (Jochum et al., 2018), Desulfosarcina (Watanabe
et al., 2017), and Desulfobacula (Rabus et al., 1993)]. These issues,
coupled with the fact that in comparison to aerobic hydrocarbon
degradation there are many anaerobic hydrocarbon degradation
pathways (Widdel et al., 2010; Rabus et al., 2016; Davidova et al.,
2018), means that assessments of anaerobic marine environments
with the EIHE is much more problematic, and as such,
analysis of sediments around HMS Royal Oak could potentially
underestimate biosignatures for hydrocarbon presence. To
this end, the abundance of missing anaerobic hydrocarbon-
degrading sulphate-reducing bacteria was calculated separately
and constituted 15% of overall sulphate-reducing bacteria.
Whilst these hydrocarbon-degrading sulphate-reducing bacteria
may have been utilising buried pyrogenic PAHs there was no
significant (p > 0.05) difference in abundance with distance from
the shipwreck. The extremely low EIHE, and a low abundance of
OHCB and other genera associated with hydrocarbon-degrading
(both aerobic and anaerobic), in sediments around HMS Royal
Oak, suggest an absence of hydrocarbons required to support the
growth of hydrocarbon-degrading bacteria.
Is There Evidence of Historic Oil-Spills,
From HMS Royal Oak Shipwreck,
Impacting Surrounding Sediment?
The low levels of sediment PAHs around the HMS Royal Oak
were deemed to originate from pyrogenic sources. Bacterial
community analysis also revealed extremely low abundances of
OHCB and other potential aerobic or anaerobic oil-degrading
genera both within the EIHE and those not included. Both
lines of evidence therefore suggest that the sampled sediments
(50–950 m from HMS Royal Oak) show no impacts from
current oil leaks. Moreover, there is no evidence of impact
by the reported historical oil-spills by HMS Royal Oak. There
remains the possibility of more localised pollution within a
50 m radius, but this region was not sampled in this study
due to a 50 m safety boundary. However, should this be
the case, it would infer that any pollution would be highly
localised to the immediate vicinity around the shipwreck, and
this study confirms minimal impacts from leaking oil to the wider
surrounding environment.
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